Abstract-Energy is fundamental to modern society. Increase in the price of oil as well as environmental concerns have spurred the use of alternative renewable energy sources. In the Faroe Islands, the readily available wind energy is an obvious source for space heating. Seasonal correlation exists between wind energy and required space heating and mismatches can be reduced by using simple water tanks as heat storages. A traditional Danish induction generator wind turbine has been erected on the island of Nólsoy to produce energy for space heating. The system is designed as a stand-alone microgrid, which needs its own control of frequency and voltage. A microcontroller is used to control frequency by matching load (heaters) to generated power and to produce the correct reactive power and voltage by switched capacitors. One challenge is the start-up procedure at high wind speeds when nominal speed tends to be reached before voltage builds up by the self-excitation process. This paper reports the initial test and adaptation of the control system.
from peat cutting around 50 years ago. The import of oil is a huge economic burden on the islands with an expense reaching 174 million e in 2012 (a quarter of total export value). The economic reason as well as the Faroese authority commitment to participate in worldwide reduction in "green house" gases demands a reduction in the import and use of oil.
Wind energy has become one of the viable alternatives. Although known and used from ancient times, modern wind energy did not become commercially viable for electric power generation until after its successful development in Denmark from the mid-1970s, securing Denmark leadership within this technology for the decades to come.
The Faroe Islands are "blessed" with world record wind energy. In many locations average wind speed is above 10 m/s and wind turbines will typically produce energy with around 50% capacity factor. Although fluctuating, the average wind energy has more than double magnitude in winter (wind speeds mainly 10-15 m/s) compared with summer (5-10 m/s). This compares nicely to the required space heating energy, which is also more than double in winter compared with summer (see Fig. 1 ).
The wind is a variable and highly fluctuating energy source, and the inability to control the amount of energy generated remains a fundamental problem. To solve this problem, an energy storage is needed. Existing large-scale electric energy storage techniques are inefficient and expensive. On the other hand, storage of heat energy is simpler and can be efficiently done in warm water tanks.
The excellent match between seasonal available wind energy and space heating requirement throughout the year and the simple storage solution are obvious reasons to use wind energy for space heating in the Faroe Islands. Based on these facts, it was decided to establish a wind-space heating project on the island of Nólsoy, a Faroese remote village inhabited by 250 people in 100 households.
The idea to use wind for space heating is not new and a number of installations have been seen over the years, see, e.g., [1] . However, most community size systems are combined wind-diesel generation. The idea on Nólsoy was to use traditional Danish version induction generator wind turbines, as they are readily available and cheap, because they are dismantled in high numbers from their sites to give place for new and larger turbines.
As the local Nólsoy grid is weak, and the process to get permission to connect a wind turbine to the grid is 1949-3029 c 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. complicated, it was decided to operate the wind turbine in a stand-alone microgrid. In order to do this, the generator is operated as a self-excited induction generator (SEIG), which requires a reliable and accurate control system to keep nominal frequency and voltage while running in variable wind and load conditions. Overview of SEIG research is given in [2] and [3] . The self-excitation process has been studied both by experiments and by modeling [4] [5] [6] , and a range of control strategies for the use of SEIG have been suggested [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
The output voltage and frequency of a SEIG are totally dependent on the system to which it is connected, in this case to the microgrid. Self-excited means that there is no field control and therefore no voltage control, instead the residual magnetism in the rotor is used together with carefully chosen capacitors at its terminal to form a resonant condition that contributes to the voltage limited by the saturation of the stator. Once this steady point is reached, any load change will cause voltage deviation [3] .
On the other hand, the frequency is highly dependent on the speed of the rotor, so that unless there is a fixed speed prime mover, the microgrid will see a frequency that changes with the prime mover and drops down when the load increases. Consequently, generator frequency can be controlled by variation in load or adding variable dummy load [11] , [13] . Similarly, voltage can be controlled by variation in reactive power supply either by simple switched capacitors [7] , switched reactors or by using power electronics such as Static Compensators (STATCOM) [16] . However, SEIG operation is usually used only for small generators [9] and using a 220-kW wind generator in SEIG mode is a challenge.
All these inconveniences, especially those related to frequency and voltage stability may be overcome by using a double-feed induction generator (DFIG); however, in this work, the cost of a DFIG was not affordable, being more suitable, the use of a second-hand SEIG-based wind turbine, which has been pointed out as a practical solution for islanded electrical systems and microgrids [5] , [6] . This paper describes the initial test and adaptation of the control system for frequency and voltage stabilizations in the 220-kW SEIG in the stand-alone wind turbine installation at Nólsoy.
II. NÓLSOY MICROGRID CONFIGURATION
The wind turbine acquired for the Nólsoy project is a lowcost second-hand traditional stall-regulated Danish version wind turbine with a three-phase 690 V, 50 Hz, 220 kW squirrel cage induction generator. It was built at the former Wind World factory in Skagen in the early 1990s and has been running in Denmark for the past 20 years.
Calculated from the 3-year wind measurements, the 220-kW wind turbine is expected to produce 870 000 kWh annually. From heating oil measurements, an average family residential home is expected to use 25 000 kWh annually for heating. The 220-kW wind turbine will thus produce heating for around 35 houses.
Although there is excellent seasonal correlation between wind energy and heating ( Fig. 1 ), an energy storage will be needed to counteract short-time fluctuations in both wind energy and heating demand. Simulations using data on wind energy and heating demand indicate that an energy storage of 100 kWh per house (which corresponds to a 2000-L warm water tank heated from 55
• C to 95
• C) will result in 85% wind penetration. In an average year, wind curtailment of 15% will be seen and 15% backup heating power will be needed. Larger storage will increase wind penetration, but storage size is limited by practical considerations.
The traditional Danish stall regulated wind turbines were designed to be connected to and controlled by the fixed frequency (50 Hz) grid and operate at fixed speed. According to the manual, the 220-kW generator requires 86 kVAr reactive power at no load and 136 kVAr at full load. When connected to the grid, a fixed 75 kVAr capacitor bank was connected and the necessary variation in reactive power was provided by the grid.
In the current stand-alone system, the variable reactive power is supplied using relays to connect/disconnect several small steps of capacitors to the generator terminals. Similarly, the active power load is matched to the available wind energy to keep a steady frequency (which is proportional to turbine revolutions). This is done by switching water heaters (resistive load) in and out from the system. The microgrid system is depicted in Fig. 2 .
To control the switching of capacitors and heaters, a 16-MHz Arduino Uno R3 control board, which include microcontroller ATmega328, is used. The generator ac output is fed via a transformer to the analog input of the controller. From this signal, both the voltage and the frequency can be measured by high-speed sampling. Digital outputs of the controller are used to activate relays to switch capacitors and heaters in and out to keep the nominal voltage and frequency. The number of heaters (amount of load) connected to the generator terminals is determined from the frequency, and similarly, the number of capacitors connected is regulated according to the voltage signal. Initially, the Arduino controller was programmed with an algorithm that kept the voltage and frequency within a band around 690 V and 50 Hz by counting number of connected capacitors and heaters up and down. Later, conventional proportional-integral-derivative (PID) control algorithms were introduced, one controlling amount of capacitor using voltage as input and another controlling size of load using frequency as input. PID control algorithms can be found in the official Arduino programming library [20] .
The microcontroller program measured the average frequency and voltage over 10 periods (200 ms) to have a stable input for decision on which digital outputs to be set to control the appropriate number of capacitors and heaters to connect/disconnect. Including time for calculation and printout, the control routine cycle was around 260 ms, which meant that the active and reactive power was adjusted less than four times per second. This proved to be too slow during the transient start-up with a sudden self-excitation. Later the program was optimized to allow for more frequent adjustments (every 62 ms).
For data logging, the measured data on voltage and frequency as well as number of connected capacitors and heaters are fed to a PC for storage. During later testes, wind speed information has also been logged.
III. EXPERIMENTAL RESULTS
The initial trial from November 2012 shows that frequency (which is proportional to turbine revolution) can be controlled by matching the fluctuating production with variable load using fast-switched water heaters. Similarly, the voltage level can be controlled by adjusting the reactive power using fast switching capacitors (see Fig. 3 ).
The initial self-excitation during the start-up procedure proves to be the most difficult challenge. When the wind turbine brake is released, the wind turns the rotor with an increasing speed. The generator is self-excited and the voltage builds up depending on time and turbine speed. A too slow control routine resulted in voltage spikes (overshoot). To achieve faster response of capacitor switching, the control routine had to be improved and made quicker.
With increasing wind speeds, it was experienced that the self-excitation process was too slow to reach the nominal voltage before the nominal frequency was reached (see Fig. 4 ). Connecting additional capacitors during the start-up procedure proved to be beneficial. However, start-up procedures in veryhigh-wind remain to be solved.
At start-up, heaters (load) are connected in an appropriate number to tune the frequency in on 50 Hz. If the self-excitation is slow and nominal speed is reached before voltage has been built up, it is difficult to avoid over-speed of the turbine. First, the load depends on the voltage and the heaters have little effect if the voltage is low. Secondly, the connection of load does affect the self-excitation process.
Switching of capacitor banks with the minimum step size of 10 kVAr resulted in voltage fluctuation (see Fig. 3 ). Introduction of smaller steps of 5 kVAr reduced these fluctuations (see Fig. 5 ).
Using the existing standard electromechanical relays for heaters and capacitors proved to be a problem. These relays have limited durability, and the frequent switching takes a severe toll on their lifetime with early failure as a result. For the later tests, thyristor-based solid-state relays had to be used.
With an improved control routine, the initial overshoot in voltage and frequency has been avoided (see Fig. 5 ).
IV. DISCUSSIONS
Squirrel cage induction generators are widely used as they are relatively small and cost-effective with simple and rugged construction with brushless rotor, which results in reliability and reduced maintenance. They do not need dc exciter-like synchronous generators and are also self-protecting against severe overload and short circuit. However, they have poor voltage regulation with changing speed and load condition. They are used in grid-connected power generating systems up to 500 kW but usually do not go much beyond 15 kW in stand-alone self-excited mode [14] . The current initial test shows that it seems feasible to run a SEIG with a power rating as high as 220 kW.
To ensure self-excitation, a particular capacitance value has a corresponding minimum speed [6] . To force an early selfexcitation to achieve the nominal voltage when (and preferably before) nominal speed is reached, it is necessary to have extra capacitors connected during start-up. As the voltage has a sudden increase at start-up, the additional capacitance has to be disconnected swiftly to avoid too high-voltage peaks. It should be remembered that uncontrolled self-excitation may pose safety problems to users [7] . In the initial tests, the control routine cycle was 260 ms. This is far too slow to handle the start-up transient event.
When using the fluctuating wind energy as the prime mover, the adjustment of capacitors and heaters has to have fast response to match the fluctuations. Traditional electromechanical contactors are not built for this frequent state change, and therefore, electronic thyristor-based solid state relays have to be used. The fast switching of capacitors are specially challenging as there is no time for discharging as is used in conventional reactive power compensation systems to avoid current spikes. To minimize these difficulties, zero-crossing switching technique (turn on at zero voltage difference between capacitor and power line and turn off at zero current) proves to be beneficial.
Capacitor steps of 10 kVAr resulted in frequent switching and high variation in voltage level, whereas a reduced step of 5 kVAr showed a more stable voltage level.
Obviously, to run the system satisfactorily, it is necessary to have sufficient load to match the maximum output from the generator at any time. Otherwise, the frequency will increase and over-speed of the turbine may be experienced. Another result may be increased voltage (if capacitors are not disconnected) as produced reactive power from the capacitors is proportional to the frequency. On the other hand, a controlled voltage increase with increased frequency may be beneficial as this also will increase the load from heaters and counteract over-speed.
The frequent switching of capacitors and resistor load may cause harmonic distortion in the power lines. This has not been studied yet, but similar systems turned out to exhibit satisfactory performance [7] , [11] . The loads used here (heaters) are very robust against bad quality of the grid parameters (voltage, frequency, and harmonics).
The current 220 kW wind turbine will supply heating to 35 houses. The system may be extended as it seems feasible to run two or more SEIG in parallel [3] , [15] . 
V. CONCLUSION
The initial test of the generator in the stand-alone windheating system turned out to be encouraging and further development of the control system is expected to result in a safe start-up and stable running of the wind turbine.
Electrical heaters are simple and cost-efficient energy converters and are one of few loads that can be as responsive to match the fluctuating wind energy.
The technology tested in this project has the potential to convert the bulk of Faroese space heating from current oil burners to sustainable wind power. The amount of wind penetration will depend on size of heat storages and backup systems will be needed during long, low, or no wind periods.
In many areas, worldwide similar systems can be used to utilize wind energy for space heating, space cooling, water pumping, or other applications with natural storage capacity.
Also the concept of a stand-alone wind-driven induction generator wind turbine microgrid stabilized by a fast response load may have interest in many rural areas throughout the world.
